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1. Introduction 
Germanium is the most silicon compatible semiconduc-
tor in terms of lattice structure, solubility, alloying, growth 
and processing compatibility. Germanium on silicon (Ge/Si) 
structures are widely used in semiconductor devices such 
as Ge-on Si lasers [1-3], infrared photodetectors [4-6] and 
chemical sensors [7].  
For Ge lasers, adding high concentrations of n-type do-
pants, normally phosphorus (P), in Ge is crucial to occupy 
the electron energy states in the indirect conduction valley 
at L point [8-10]. Many efforts have been made on that. 
Delta-doped layer and gas immersion laser doping were 
used to achieve up to 5 × 1019 cm-3 activation of P doping 
[10-11]. Spin-on dopant process and multiple implantation 
were also successful in doping Ge up to 1 × 1020 cm-3 [12-
13].  
However, high n-type doping levels generate two side 
effects: 1) larger optical loss due to free carrier absorption 
and 2) much faster Si-Ge interdiffusion that changes the 
Ge/Si interfaces into SiGe alloy transition regions, which de-
lays lasing [1,2,14]. This intermixing layer can be polished 
off after the original Ge/Si wafer is flip bonded to a handle 
wafer, and thinned down to form a Ge-on-insulator (GOI) 
structure. However, silicon dioxide has a much worse ther-
mal conductivity than silicon, and Ge on Si substrates are 
better than GOI structures to dissipate heat generated by 
the Ge lasers. For Ge-on-Si structures, the as-grown dislo-
cation density is normally in the 109 to 1010 cm-2 range, 
too high for device applications. A defect annealing step is 
commonly used in the epitaxial reactor following the 
growth to reduce the dislocation density to 106  to 
107 cm-2 range.  
P enhanced interdiffusion has been reported for SiGe al-
loys with a low Ge molar faction (xGe) of 26.5%, which was 
attributed to the indirect interaction between Ge and point 
defects released by P-defect clusters [15]. Another work by 
H. Takeuchi and P. Ranade, reported that n-type doping by 
arsenic also enhanced Ge and Si interdiffusion [16, 17].  
Our recent study showed that high P doping greatly ac-
celerates Si-Ge interdiffusion due to the Fermi-level effect 
[18]. Si-Ge interdiffusion can change a Ge layer into a SiGe 
alloy, which delays the lasing of Ge lasers. Previous studies 
on Si-Ge interdiffusion with doping are mainly phenomeno-
logical observations using Ge-on-Si structures [9-11, 18], 
and no quantitative modeling is available for Si-Ge interdif-
fusion with high P doping. 
 According to reference [19, 20], the diffusivity of P in 
SiGe material systems is a function of both the Ge fraction 
(𝑥𝐺𝑒) and the concentration of P (𝐶𝑃). In the meantime, the 
interdiffusivity of Si-Ge is also strongly dependent on 𝑥𝐺𝑒 
and 𝐶𝑃  [18, 21]. On top of that, P segregates to regions 
with lower Ge content [18]. That means P diffusion, segre-
gation, and Si-Ge interdiffusion are coupled, and it is very 
hard to extract P diffusivity and Si-Ge interdiffusivity from 
experimental data especially in a large Ge molar fraction 
range as all three processes occur simultaneously.  
On top of the complicated and coupled phenomena (Si-
Ge interdiffusion, P diffusion and segregation), experimen-
tally, P forms a very high segregation peak at Ge/Si inter-
faces larger than 1020 cm-3 [14]. This peak is very hard to 
measure accurately by SIMS as SIMS accuracy is greatly de-
graded due to the knock-on effect at interfaces and the mix-
ing effect of narrow concentration peaks [22]. Another dif-
ficulty is the existence of Ge seeding layers that is required 
for the subsequent Ge layer growth, where high concentra-
tions of defects exit. These defects play an important role in 
the mass transport of P, Si, and Ge, which add another layer 
of complexity in the modeling of Si-Ge interdiffusion, P dif-
fusion and segregation. Therefore, Ge-on-Si structures for 
Ge lasers are not ideal for Si-Ge interdiffusion studies. 
In this work, new structures were designed and meas-
ured to circumvent this problem. A quantitative model of 
the Fermi-level effect on Si-Ge interdiffusion was proposed 
to model the extrinsic interdiffusion behavior. According to 
our knowledge, the quantitative modeling of Si-Ge extrinsic 
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interdiffusion has not been reported previously. 
 
2. Experiments 
2.1 Structure Design, Growth, and Annealing 
 
To avoid the complications from Ge seeding layers, a 
Ge/Si1-xGex/Ge multi-layer structure on Si substrates with x 
= 75% was designed for interdiffusion study (Figure 1). The 
Si-Ge interdiffusion region of interest was then moved to 
the top Ge/Si1-xGex (denoted as the Interface I) and Si1-
xGex/bottom Ge (denoted as the Interface II) interfaces, 
which was 0.5 micron away from the Ge seeding layer/Si in-
terfaces. The 25% Ge molar fraction change at interfaces 
was chosen to avoid too much P segregation and P diffusiv-
ity change due to large Ge fraction changes such as those at 
Ge/Si interfaces. Two P doping configurations were de-
signed: Sample 7450 (S7450) with no P doping and Sample 
7452 (S7452) with P doping at mid-1018 cm-3 in the Ge/Si1-
xGex/Ge multi-layer structure.  
Both samples were grown on 6 inch Czochrolski (CZ) 
(100) Si wafers in an Applied Materials “Epi Centura” system. 
For S7450, a thin Ge seeding layer was grown at 365 °C. 
Next, a 500 nm Ge layer was deposited at 650 °C, and then 
a 300 nm of Si0.25Ge0.75 layer was grown at 525 °C. On top of 
the Si0.25Ge0.75 layer, another 250 nm Ge layer was grown at 
365 °C under the seeding layer growth condition. Finally, a 
5 nm thin silicon cap was grown on top at 625 °C to prevent 
Ge evaporation during annealing. For S7452, it was grown 
by the same procedure except that P was in-situ doped with 
mid-1018 cm-3 concentration level during the growth of the 
Ge/SiGe/Ge structure.  
Before annealing, samples were capped with a SiO2 layer 
at 80 °C by plasma-enhanced chemical vapor deposition 
(PECVD) to prevent Ge outdiffusion. Inert annealing was 
performed in nitrogen atmosphere using an enclosed 
Linkam TS1200 high-temperature heating stage. Two an-
nealing conditions were used for both samples: 1) 750 °C 
for 120 min; 2) 800 °C for 30 min. Trial annealing was per-
formed and then final annealing conditions were chosen 
such that Si-Ge interdiffusion is not too little to be detected 
by secondary ion mass spectrometry (SIMS) or too large for 
the diffusivity extraction method, Boltzmann-Matano anal-
ysis, to be not applicable, i.e., the top and bottom Ge con-
centration should stay close to 100% such that we can treat 
interdiffusion at Interface I and II as the interdiffusion of a 
diffusion couple.  
The temperature ramp up rate was set to be 100 °C/min, 
and the cooling was by water cooling, whose rate was about 
200 °C/min. The amount of diffusion during the tempera-
ture ramp up and ramp down was negligible compared to 
the diffusion in the isothermal annealing step, which was 
later confirmed by simulations using the model established 
as described in 3.1.  
SIMS measurements were employed to obtain the as-
grown and annealed Ge and P profiles of S7450 and S7452. 
High resolution X-ray diffraction (HRXRD) measurements 
were performed to get the strain status in both samples. 
Transmission electron microscope (TEM) was used to check 
the material quality of the as-grown and annealed samples.  
 
2.2 Strain and Interdiffusion Characterizations by XRD 
In order to study the strain status in the Ge and SiGe 
layer, HRXRD measurements were performed using a PAN-
alytical X’Pert PRO MRD with a triple axis configuration. Fig-
ure 2 shows the (004) symmetric XRD scans of as-grown and 
annealed samples. For each sample, the strongest peak is 
from the Si substrate, and the middle peak is from the SiGe 
layer. The second strongest peak (the right peak) is from the 
Ge layers. For S7450 and S7452, the peak positions are very 
close, which indicates the similar strain status for both sam-
ples. Compared to the as-grown samples, the Ge and SiGe 
peaks of annealed samples are asymmetric and broadened 
on the side towards each other. This broadening is at-
tributed to Si-Ge interdiffusion. For annealed S7452, the 
broadening is much more obvious than annealed S7450, in-
dicating larger Si-Ge interdiffusion with P doping. With the 
Si substrate peak as a reference, we can see that the peak 
from the SiGe layer shifted towards left after annealing. This 
result suggests that after annealing, the SiGe layer has a 
 
Figure 1 Schematic diagrams of the samples used in this 
work: (a) sample structure and growth temperature (b) 
depth profile of sample 7450 with no P doping and (c) 
depth profile of sample 7452 with P doping concentra-
tion at around 5×1018 cm-3. 
 
 
(a) (b)
(c)
Interface I
Interface II
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lower strain due to in-plane strain relaxation.  
In addition, based on the peak positions from the (004) 
symmetric XRD scans and Ge fractions from the SIMS data 
in Section 2.3, the strain levels in the Ge and the SiGe layers 
were extracted using the PANalytical Epitaxy software pack-
age, which are summarized in Table 1. For S7450 and S7452, 
the strain status for corresponding layers is very close. The 
difference between strains is within 0.05%, which suggests 
P doping did not affect the strain status of samples signifi-
cantly. Besides, the Ge and SiGe layers are both tensily 
strained. According to Xia et al.’s observation, tensile strain 
up to 1% does not affect Si-Ge interdiffusion [23]. Therefore, 
there was no need to consider tensile strain in the interdif-
fusion modeling.  
Layer 
Strain 
S7450 
As-grown 
S7450 
Annealed 
S7452 
As-grown 
S7452 
Annealed 
Ge 0.10% 0.16% 0.13% 0.16% 
SiGe 0.52% 0.38% 0.50% 0.33% 
Table 1 Strain statuses of the Ge and SiGe layers in sample 7450 
and sample 7452 calculated from the XRD measurements. The cor-
responding annealing condition is 750 °C 120 minutes. 
 
2.3 Concentration Profiling by SIMS  
The Ge and P concentration vs. depth profiles were ob-
tained by SIMS. The samples were sputtered with a 1 keV 
Cesium (Cs) ion beam which was obliquely incident on the 
samples at 60° off the sample surface normal. The sputter 
rate was calibrated by a stylus profilometer that measured 
the sputtered carter depth. With the known sputter rate 
variation with SiGe composition, the sputter rate was cor-
rected on a point-by-point basis. The measurement uncer-
tainty in Ge molar fraction is ± 1%. The depth uncertainty is 
about 5%. 
Figure 3 shows the Ge concentration vs. depth profiles 
obtained by SIMS for S7450 and S7452. Due to the non-uni-
formity of the epitaxial growth and errors in the SIMS depth 
calibration, which can add up and result in 5-10% error, the 
as-grown and annealed SIMS profiles are not aligned pre-
cisely. To compare the amount of interdiffusion, the Ge pro-
files are shifted laterally to offset the non-uniformity and 
depth errors such that the difference between two samples 
can be easily seen and compared. 
We can see that S7450 and S7452 have similar as-grown 
profiles and they are very steep at the interfaces. After an-
nealing, the Ge molar fractions at the left and right end of 
the Ge/SiGe/Ge sandwich structure are still at 100%, and 
that in the middle of the SiGe valley stay flat at 77%, which 
means that the interdiffusion at Interface I and II are inde-
pendent from each other and they can be treated as inter-
diffusion from two independent diffusion couples.  
For annealed S7450 (undoped), the interdiffusion of Si-
Ge show a large Ge fraction dependence, where much more 
diffusion happens in higher Ge regions than in lower Ge re-
gions. For annealed S7452 (P-doped), however, the differ-
ence is not as obvious. By comparison, in xGe > 0.9 region, 
the amount of interdiffusion in S7452 is close to that in 
S7450. However, in xGe < 0.9 region, S7452 has significantly 
more interdiffusion, which also means that interdiffusion 
with P doping is much less Ge concentration dependent.  
 
Figure 2 (004) symmetric XRD scans of the four structures. 
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According to semiconductor diffusion theories, charged 
defect concentrations depend on the Fermi level and the 
ratio of the electron density over the intrinsic electron den-
sity 𝑛/𝑛𝑖  [22]. 𝑛/𝑛𝑖  is an important parameter for the 
Fermi-level effect calculations. Only when 
𝑛
𝑛𝑖
> 1, Fermi-
level effect needs to be considered and higher 𝑛/𝑛𝑖 
means stronger doping introduced diffusivity dependence. 
This also applies to the case of interdiffusion, which is me-
diated by point defects as well. Figure 4 shows the P profiles 
and the ratio of 𝑛/𝑛𝑖 in S7452. The calculations of 𝑛(𝑥𝐺𝑒) 
and 𝑛𝑖(𝑥𝐺𝑒) were described in 3.1.  
As expected from the design, in Figure 4 (a), P segrega-
tion is much more reduced compared to the cases of P at 
Ge seeding layer/Si interfaces. It is still observable as there 
are higher P concentrations in the SiGe layer than in the sur-
rounding Ge layers. In as-grown S7452, a P peak appears at 
the Interface I. This P peak was formed during growth, and 
the P concentration in the top Ge layer is about two times 
of that in the bottom Ge layer, which is due to the growth 
temperature change. After annealing, P concentration de-
creased and the P peak at the Interface I also disappeared. 
In Figure 4 (b), we can see the ratios of 𝑛/𝑛𝑖 are all larger 
than 1 before and after annealing, and the ratio in the lower 
Ge regions (xGe < 0.9) is higher. This is consistent with the 
observation that more Si-Ge interdiffusion happened in the 
lower Ge region of S7452 with more P doping. For higher 
Ge regions, however, the ratios of 𝑛/𝑛𝑖 are close to one 
which explains the much closer Ge profiles in the higher Ge 
regions (xGe > 0.9) of S7452 and S7450. 
  
2.4 TEM and Defect Density Characterization 
TEM images were collected to observe the interface 
changes and estimate the threading dislocation density 
Figure 3 Ge profiles measured by SIMS. (a) samples annealed 
at 750 °C, 120 minutes; (b) samples annealed at 800 °C, 30 
minutes.  
 
(a) 
 
 
 
Figure 4 (a) Ge and P profiles in S7452 showing the P concen-
tration variation along with Ge fraction. The Ge and P profiles 
are shifted laterally for clarity. (b) The ratio of 𝒏/𝒏𝒊 profile 
of S7452 at 750 °C and 800 °C, before and after annealing. 
Dash lines are the Ge fraction profiles of S7452. 
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(TDD) with a Titan3 80-300 TEM. The thickness of the TEM-
specimens was estimated to be around 100 nm by electron 
energy loss spectroscopy (EELS). The TDs are estimated di-
rectly from these TEM images of the cross section of the 
samples. To obtain the TDD from cross-sectional TEM im-
ages, the number of TDs in a horizontal line were counted 
first. The dislocation density per unit length is the number 
of dislocations divided by the length in the TEM image. Fi-
nally, the TDD is the square of the dislocation density per 
unit length [24].  
Figure 5 shows the cross-sectional TEM images of S7450 
and S7452 before and after annealing. We can see that for 
each sample, before annealing, there were clear bounda-
ries at the Interface I and Interface II. However, after anneal-
ing, those boundaries became disruptive and wavy. Com-
pared with annealed S7450, the boundaries of S7452 are 
more disruptive. Massive misfit dislocations were gener-
ated on the boundaries during annealing to relieve the ten-
sile strain between layers, as shown in XRD results. 
In Figure 5, TDs were pointed out by white arrows. Table 
2 lists the average TDDs for S7450 and S7452 measured by 
TEM before and after annealing. The TDDs are similar for 
upper and lower interface. It is found that under same con-
ditions, the ratio between TDD of S7450 and S7452 is in the 
range of (0.5-2), which suggests P doping did not affect the 
TDD of the sample significantly.  
Sample ID 
Ge/SiGe Inter-
face 
SiGe/Ge Inter-
face 
S7450 as-grown 4.3 × 108 cm-2 1.2 × 109 cm-2 
S7452 as-grown 2.7 × 108 cm-2 5.4 × 108 cm-2 
S7450-annealed 6.2 × 108 cm-2 6.5 × 108 cm-2 
S7452-annealed 1.1 × 109 cm-2 7.1 × 108 cm-2 
 
Table 2 Average TDD values of Ge/SiGe (upper) interface and 
SiGe/Ge (lower) interface of S7450 and S7452. The thermal budget 
for annealed samples is at 800oC for 30 minutes. 
 
  
 
 
Figure 5 Cross-sectional (bright field) TEM of S7450 
(no P) and S7452 (with P). (a) as-grown S7450; (b) an-
nealed S7450; (c) as-grown S7452; (d) annealed 
S7452. Threading dislocations are pointed out by 
white arrows. For annealed samples, the thermal 
budget is at 800 °C for 30 minutes. 
 
 
 
Ge
Ge
SiGe
(a)
(b)
Ge
Ge
SiGe
(c)
Ge
Ge
SiGe
(d)
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3 Interdiffusivity Modeling and Calculations 
3.1 Review of related semiconductor diffusion theories  
It has been widely accepted that diffusion and interdif-
fusion in crystalline semiconductors are mediated by point 
defects, which can be in charged states [22]. The (inter)dif-
fusivity dependence on electron concentration n in an n-
type doped semiconductor can be expressed as: 
 𝐷 = 𝐷0 + 𝐷− (
𝑛
𝑛𝑖
) + 𝐷= (
𝑛
𝑛𝑖
)
2
+ 𝐷+ (
𝑛
𝑛𝑖
)
−1
+
𝐷++ (
𝑛
𝑛𝑖
)
−2
 [22],                              (1) 
where parameter 𝐷0 , 𝐷− , 𝐷= , 𝐷+ , 𝐷++  are the (in-
ter)diffusivity associated with neutral, single negatively 
charged, double negatively charged, single positively 
charged, and double positively charged defects respectively. 
D is the total (inter)diffusivity. Similarly, for p-type doped 
cases,  
𝐷 = 𝐷0 + 𝐷− (
𝑝
𝑛𝑖
)
−1
+ 𝐷= (
𝑝
𝑛𝑖
)
−2
+ 𝐷+ (
𝑝
𝑛𝑖
) + 𝐷++ (
𝑝
𝑛𝑖
)
2
.                              
(2) 
The (inter)diffusivity under intrinsic conditions, i.e. the dop-
ing level is much less than 𝑛𝑖, is given by: 
 𝐷(𝑛𝑖) = 𝐷0 + 𝐷− + 𝐷= + 𝐷+ + 𝐷++.                                                                                                       
(3) 
 
Experimentally, for an n-type doped case as in (1), if the 
total (inter)diffusivity D is linearly dependent on the ratio 
𝑛
𝑛𝑖
, that means 𝐷− (
𝑛
𝑛𝑖
) term is the dominant term, and the 
diffusion is mostly mediated by single negatively charged 
point defects. If the total (inter)diffusivity, D, is quadratically 
dependent on the ratio 
𝑛
𝑛𝑖
, then 𝐷= (
𝑛
𝑛𝑖
)
2
 term is domi-
nant, and the (inter)diffusion is mostly mediated by double 
negatively charged point defects.  
For n-type doped semiconductors, dopant diffusion is 
mainly through neutral and negative charged point defects. 
The fourth term 𝐷+, and the fifth term 𝐷++ are neglected. 
For Si-Ge interdiffusion, according to the observation of 
Gavelle et. al. where the Ge layer is boron doped [25], Si-Ge 
interdiffusion is retarded, which suggests that the contribu-
tions from positively charged defects are negligible. There-
fore, only negatively charged defects are considered in the 
modeling and we can approximate the intrinsic and the ex-
trinsic interdiffusivity respectively as 
 ?̃? ≈ ?̃?0 + ?̃?− + ?̃?=,   (4) 
and                                                                                                 
?̃? ≈ ?̃?0 + ?̃?− (
𝑛
𝑛𝑖
) + ?̃?= (
𝑛
𝑛𝑖
)
2
     (5)                                                                                     
Considering the charge neutrality equation 𝑛 = 𝑝 +
𝐶𝑃  and 𝑛𝑖
2 = 𝑛𝑝, the electron concentration n of the P-
doped Si1-xGex samples can be expressed as: 
𝑛(𝑥𝐺𝑒) =
𝐶𝑃+√𝐶𝑃
2+4𝑛𝑖
2(𝑥𝐺𝑒)
2
.         (6)                                                                                
𝑛𝑖(𝑥𝐺𝑒)  was calculated as 𝑛𝑖(𝑥𝐺𝑒) =
𝑛𝑖(𝑥𝐺𝑒)exp (
Δ𝐸𝑔(𝑥𝐺𝑒)
𝑘𝑇
)  for xGe < 0.80, and 𝑛𝑖(𝑥𝐺𝑒) =
𝑛𝑖(𝑥𝐺𝑒 = 0.8) ∗
1−𝑥𝐺𝑒
0.2
+𝑛𝑖(𝑥𝐺𝑒 = 1) ∗
𝑥𝐺𝑒−0.8
0.2
 for xGe > 
0.80. 
 
3.2 Modeling of the Fermi-level Effect on Si-Ge Interdiffu-
sion  
To model ?̃?, we need to first determine the participat-
ing defects. In Si1-xGex, it has been shown that both Si and 
Ge diffusion is vacancy-mediated when Ge fraction is larger 
than 0.3 [26-27]. In sample 7452, the Ge fraction is above 
0.75. Therefore, the total interdiffusion coefficient is the 
sum of the individual contributions from neutral, single 
negatively charged and double negatively charged vacan-
cies:  
?̃? = ∑ ?̃?𝑉𝑟−  
2
𝑟=0 =
1
𝐶0
∑ 𝑓𝑟𝐶𝑉𝑟−
𝑒𝑞 ?̃?𝑉𝑟−  
2
𝑟=0 [20], (7)                                                               
where 𝐶0 is the atom density of Si1-xGex with xGe ranges 
from 0.75 to 1. In this range, the atomic density of 𝐶0 only 
varies by about 3%, so we can approximate that 𝐶0 is in-
dependent of x. 𝑓𝑟 is the diffusion correlation factor. For 
diffusion via vacancies in diamond structures like in Si1-xGex, 
𝑓𝑟 is considered to be independent of the charge state and 
is set to be 𝑓𝑟 = 𝑓𝑉 = 0.5 [28]. 𝐶𝑉𝑟−
𝑒𝑞
 is the thermal equi-
librium concentration of 𝑉𝑟− point defects, and ?̃?𝑉𝑟−  is 
the interdiffusivity mediated by 𝑉𝑟−with 𝑟 ∈ {0, 1, 2}, re-
spectively. Assume ?̃?𝑉− = 𝑚1?̃?𝑉0  and ?̃?𝑉2− = 𝑚2?̃?𝑉0 , 
where 𝑚1, 𝑚2 are fitting parameters. Therefore, Equation 
(7) can be transformed as:  
?̃?(𝑛) = ?̃?𝑉0
𝐶
𝑉0
𝑒𝑞
2𝐶0
(1 + 𝑚1
𝐶𝑉−
𝑒𝑞
𝐶
𝑉0
𝑒𝑞 + 𝑚2
𝐶
𝑉2−
𝑒𝑞
𝐶
𝑉0
𝑒𝑞 ).  (8)                                                                       
Charged point defects have energy levels in the bandgap, 
and the occupation of defect related energy levels depends 
on the position of the Fermi level 𝐸𝑓, which is a function of 
the dopant concentration. If the doping concentration ex-
ceeds the intrinsic carrier concentration ni, the Fermi level 
𝐸𝑓 will deviate from its intrinsic position 𝐸𝑖. The ratio of 
the charged vacancy concentration to the neutral vacancy 
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concentration is given by Equation (9) and (10) in [22].  
𝐶𝑉−
𝑒𝑞 = 𝐶
𝑉0
𝑒𝑞𝑒𝑥𝑝 (
𝐸𝐹−𝐸𝑉−
𝑘𝑇
)    (9)                                                                                            
𝐶
𝑉2−
𝑒𝑞 = 𝐶
𝑉0
𝑒𝑞𝑒𝑥𝑝 (
2𝐸𝐹−𝐸𝑉−−𝐸𝑉2−
𝑘𝑇
)    (10)                                                                                     
Combining Equation (8-10), ?̃?(𝑛) can be expressed as: 
𝐷(𝑛) = ?̃?𝑉0
𝐶
𝑉0
𝑒𝑞
2𝐶0
[1 + ∑ (
𝑛
𝑛𝑖
)
𝑟
𝑚𝑟𝑒𝑥𝑝 (
𝑟𝐸𝑖−∑ 𝐸𝑉𝑛−
𝑟
𝑛=1
𝑘𝑇
)2𝑟=1 ] .                               
(11) 
When n = 𝑛𝑖, the total interdiffusion coefficient is equal to 
the intrinsic interdiffusivity, ?̃?(𝑛𝑖). Therefore, the ratio be-
tween extrinsic and intrinsic diffusion coefficient is: 
 
?̃?(𝑛)
?̃?(𝑛𝑖)
=
1+𝑚1 exp(
𝐸𝑖−𝐸𝑉−
𝑘𝑇
)(
𝑛
𝑛𝑖
)+𝑚2exp (
2𝐸𝑖−𝐸𝑉−−𝐸𝑉2−
𝑘𝑇
)(
𝑛
𝑛𝑖
)
2
1+𝑚1 exp(
𝐸𝑖−𝐸𝑉−
𝑘𝑇
)+𝑚2exp (
2𝐸𝑖−𝐸𝑉−−𝐸𝑉2−
𝑘𝑇
)
,                                                                          
(12) 
For simplicity, we denote: 
𝛽 = 𝑚1 exp (
𝐸𝑖−𝐸𝑉−
𝑘𝑇
), (13)                            
𝛾 = 𝑚2exp (
2𝐸𝑖−𝐸𝑉−−𝐸𝑉2−
𝑘𝑇
),  (14)                                                                                    
where 𝛽 is related to the interdiffusion process mediated 
by V- point defects and 𝛾 is related to the interdiffusion 
process mediated by V2- point defects. Therefore the inter-
diffusion coefficient as the function of electron concentra-
tion can be described as: 
?̃?(𝑛)
?̃?(𝑛𝑖)
=  
1+𝛽
𝑛
𝑛𝑖
+𝛾(
𝑛
𝑛𝑖
)
2
1+𝛽+𝛾
≡ 𝐹𝐹,   (15)                                                                                      
where term 
1+𝛽
𝑛
𝑛𝑖
+𝛾(
𝑛
𝑛𝑖
)
2
1+𝛽+𝛾
 is referred as the Fermi-enhance-
ment factor (FF) in the discussions below.  
For 𝛽 and 𝛾, the energy term 𝑟𝐸𝑖 − ∑ 𝐸𝑉𝑛−
𝑟
𝑛=1  (𝑟 ∈
{1, 2}) is a function of Ge fraction in SixGe1-x. Due to limited 
literature resources of the energy levels of 𝑉−  and 𝑉2− 
in SiGe, i.e. 𝐸𝑉−(𝑥𝐺𝑒), and𝐸𝑉2−(𝑥𝐺𝑒), for 0.75 < 𝑥𝐺𝑒 < 1, 
these terms were linearly interpolated between the values 
in Si and Ge, i.e.: 
𝑟𝐸𝑖 − ∑ 𝐸𝑉𝑛−
𝑟
𝑛=1 ≡ 𝐴𝑟,𝑆𝑖𝐺𝑒(𝑥𝐺𝑒)  = 𝐴𝑟,𝑆𝑖(1 − 𝑥𝐺𝑒) +
𝐴𝑟,𝐺𝑒𝑥𝐺𝑒   𝑓𝑜𝑟  (𝑟 ∈ {1, 2}).   (16)                             
For Si, 𝐴1,𝑆𝑖 = 0.1383 𝑒𝑉 and 𝐴2,𝑆𝑖 = −0.1835 𝑒𝑉 [22]. 
For Ge, 𝐴1,𝐺𝑒 = −0.1134 𝑒𝑉  and 𝐴2,𝐺𝑒 = −0.0866 𝑒𝑉 
[20]. 
With these parameters, the exponential terms in Equa-
tion (13) and (14) can be calculated. For 0.75 < 𝑥𝐺𝑒 < 1 
at 750 to 800 °C, exp (
𝐸𝑖−𝐸𝑉−
𝑘𝑇
) is in the range of 0.58-0.28, 
and exp (
2𝐸𝑖−𝐸𝑉1−−𝐸𝑉2−
𝑘𝑇
)  in the range of 0.28-0.39. The 
only unknown parameters in this model are 𝑚1 and 𝑚2.  
 
Examples of the impacts of 𝑚1  and 𝑚2  to FF are 
shown in Figure 6. When all other parameters remain un-
changed, as 𝑚1  increases, the value of FF gradually ap-
proaches𝑛/𝑛𝑖, which suggests that the interdiffusivity is al-
most proportional to 𝑛/𝑛𝑖. According to Equation (12), this 
indicates that the interdiffusion is dominated by 𝑉− point 
defects. Similarly, as 𝑚2 increases, the value of FF gradu-
ally approaches 𝑛2/𝑛𝑖
2, which suggests that interdiffusion is 
dominated by 𝑉2− point defects. The values of 𝑚1 and 
𝑚2 were extracted by fitting to the SIMS profiles, which is 
discussed in 4.1. 
 
3.3 Intrinsic Interdiffusivity Extraction 
 
Figure 6 (a) Impact of 𝒎𝟏 to FF with 𝒎𝟐 = 𝟏; (b) Im-
pact of 𝒎𝟐 to FF with 𝒎𝟏 = 𝟏. For both calculations, 
the temperature was fixed at 750 °C, 𝒙𝑮𝒆 = 𝟎. 𝟖𝟎 and 
𝒏/𝒏𝒊 = 𝟑. 
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In Equation (15), ?̃?(𝑛𝑖) is the extracted interdiffusivity 
of the undoped sample S7450. From the above discussions, 
S7450 and S7452 have similar strain and defect levels, and 
similar Ge profiles before annealing. Therefore, it is appro-
priate to assume that S7450 and S7452 have the same in-
trinsic Si-Ge interdiffusivity. Based on the TEM measure-
ments of TDD, the defect density of the top Ge layer, SiGe 
layer and the bottom Ge layer are close. Therefore, it is con-
sidered that for S7450, the Ge–Si interdiffusion only de-
pends on the Ge content, which satisfies the condition of 
Boltzmann–Matano analysis.  
Interdiffusivity values were extracted from the Ge SIMS 
profiles of S7450 using Boltzmann–Matano analysis which 
gives Ge–Si interdiffusion coefficient ?̃?(𝑛𝑖) as a function of 
the Ge concentration at 750 °C and 800 °C respectively (Fig-
ure 7). Interdiffusivity data from two relevant studies were 
used for comparison [21, 25]. Dong et al. established a ref-
erence line for Si–Ge interdiffusivity with low TDD (about 
105 cm-2) [21]. Gavelle et al. studied the interdiffusivity of 
highly defected Ge layer on Si substrate with a dislocation 
density of about 1010 cm−2 [25]. The TDD of this work is on 
the order of 108 cm-2, which is in the middle. The accelera-
tion effect of TDs is more obvious in the lower Ge region [25, 
29]. For the high Ge region (𝑥𝐺𝑒 > 0.9), the extracted inter-
diffusivities of S7450 are within a factor of two compared 
to the reference diffusivities. Diffusivity difference of a few 
times is commonly seen in diffusion studies in semiconduc-
tors, which is mainly due to different materials quality (TDD 
levels), temperature calibration, and profile measurements. 
With this intrinsic interdiffusivity ?̃?(𝑛𝑖), in the next section, 
we will build a model to describe the impact of the Fermi-
level effect on Si-Ge interdiffusivity. 
 
4. Simulation Results and Predictions 
4.1 Simulations of Extrinsic Si-Ge Interdiffusion 
 According to Equation (5), extrinsic interdiffusivity in-
creases with the concentration of P. However, as shown in 
Figure 4 (a) that during annealing, P concentration profiles 
in S7452 changed due to P diffusion and segregation. Ideally, 
it is best to simulate P diffusion, P segregation and Si-Ge in-
terdiffusion simultaneously. However, at this point, the dif-
fusion and segregation coefficient of P on Ge concentration 
and the interdiffusivity dependence on P concentration are 
both unknown. 
Therefore, in this study, an approximation method was 
used that treated P concentration profile as unchanged dur-
ing the process of Si-Ge interdiffusion in S7452. This approx-
imation is supported by two considerations: 1) the change 
from the as-grown P profile to the annealed P profile is 
small, which is from 2 × 1019  to 8 × 1018  cm-3 in the 
most regions of interest, and 2) P diffuses much faster than 
Si-Ge interdiffusion, e.g., 𝐷𝑃  in SiGe is about 100 times 
larger than ?̃?𝑆𝑖𝐺𝑒 [21, 30, 31], it is assumed that P trans-
portation reached the final profile much earlier than Si-Ge 
interdiffusion. Therefore, we took the annealed P concen-
tration profile and selected the middle value in Figure 4 (a), 
i.e. P concentration profile in S7452 annealed at 800 °C for 
30 minutes, as our background P doping profile in our sim-
ulation and assumed this profile was fast reached from the 
 
Figure 7 Intrinsic Si-Ge interdiffusivity as a function of 
Ge molar fraction at 750 and 800 °C from S7450 using 
Boltzmann–Matano analyses in comparison with litera-
ture models at the same temperature. Dashed lines 
show the dislocation-mediated interdiffusivity and the 
point-defect-mediated interdiffusivity.  
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as-grown P profile and stayed unchanged during the in-
terdiffusion process.  
The model fitting to data was done by Matlab using the 
models described in 3.1 and Fick’s second law. To solve the 
diffusion equation numerically, finite difference time do-
main (FDTD) method was used. With different values of 𝑚1 
and 𝑚2, we obtained several Ge profiles, as shown in Fig-
ure 8. The starting point was 𝑚1 = 1 and 𝑚2 = 1, and 
the simulated interdiffusion using these values at both tem-
peratures was slower than the experimental interdiffusion 
profiles. Since increasing 𝑚1  can at most increase FF 
slightly, according to Equation (12-16), 𝑚2 was increased 
in our simulations to increase FF. As 𝑚2 increases, inter-
diffusion becomes larger and closer to the experimental 
profiles. Moreover, the simulated results become insensi-
tive with 𝑚2 when 𝑚2 ≥ 20. This is consistent with Fig-
ure 7 (b), when 𝑚2 ≥ 20, FF increases very slowly with 𝑚2 
and is approaching 𝑛2/𝑛𝑖
2 . For convenience, we chose 
𝑚2 = 40. Therefore, our simulation suggests that for Si1-
xGex with 0.75 < 𝑥𝐺𝑒 < 1, the quadratic term dominates, 
which means that the Si-Ge interdiffusion is dominated by 
𝑉2− point defects.  
With the best-fitting parameters (𝑚1 = 1, 𝑚2 = 40), 
Figure 9 shows the value of FF in S7452. According to Equa-
tion (12), the impact of Fermi-level effect depends on the 
ratio of 𝑛/𝑛𝑖 which is a function of P concentration. The 
FF profiles are noisy, which is resulted from the noisy P pro-
files from SIMS results. For low Ge fraction region (Ge valley 
in Figure 9), the interdiffusion has been enhanced by 3 to 7 
times at 750 °C, and about 2-4 times at 800 °C.  
 
4.2 Model Predictions and Discussions 
 Finally, we used the models in Equation (12-16) and 
the best fitting parameters, 𝑚1 = 1  and 𝑚2 = 40,  to 
predict FF as a function of 𝑥𝐺𝑒, n-type dopant concentra-
tion, and temperature. Figure 10 shows the dependence of 
Fermi-enhancement factor on different impacting factors. 
In Figure 10 (a), the FF is almost proportional to 𝑛2/𝑛𝑖
2. Ac-
cording to our simulation, for light n-type doping with 
𝑛/𝑛𝑖 = 2, 𝑥𝐺𝑒 = 0.85 at 750 °C, the FF is close to 4, which 
indicates the extrinsic interdiffusion coefficient is almost 
four times higher than intrinsic value. Therefore, in the case 
of heavy n-type doping, the Fermi-level effect on Si-Ge in-
terdiffusion should not be ignored. In Figure 10 (b), for a 
SiGe wafer doping with P at 1019 cm-3, as temperature de-
creases in the range of this study, the impact of the Fermi-
level effect becomes more obvious. From 800 to 750℃, the 
 
 
Figure 8 Comparison between SIMS data of S7452 and sim-
ulated results by using extrinsic Si-Ge interdiffusion model 
(a) At 750 °C for 120 minutes; (b) At 800 °C for 30 minutes. 
𝒎𝟏 is fixed to 1 in each simulation and 𝒎𝟐 is 1, 5, 20, 40, 
100 separately. 
 
 
 
Figure 9 The values of FF at different temperatures as a 
function of depth. The dash line is the Ge profile of as-
grown S7452. 𝒎𝟏 = 𝟏 𝒂𝒏𝒅  𝒎𝟐 = 𝟒𝟎  were used in 
the calculation. 
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enhancement of the FF is about 36%. In Figure 10 (c), for 
𝑛/𝑛𝑖 = 4 at 750 °C, the FF increases with Ge fraction. How-
ever, our simulation shows this dependence is insignificant. 
The difference of FF between 𝑥𝐺𝑒 = 0.75 and 𝑥𝐺𝑒 = 1 is 
within 4%. This indicates that for 𝑥𝐺𝑒 in the range of 0.75-
1.00, the mechanism of Si-Ge interdiffusion is similar, i.e. 
𝑉2− point defects are dominant for Si-Ge interdiffusion. 
 
5. Conclusion 
In summary, Si-Ge interdiffusion with a high P doping 
level was investigated by both experiments and modeling. 
Ge/Si1-xGex/Ge multi-layer structures with 0.75 < 𝑥𝐺𝑒 <
1 , a mid-1018 to low-1019 cm-3 P doping and a dislocation 
density of 108 to 109 cm-2 range were studied. The P-doped 
sample shows an accelerated Si-Ge interdiffusivity, which is 
2-8 times of that in the undoped sample. The doping de-
pendence of the Si-Ge interdiffusion was modelled by a 
Fermi-enhancement factor. The results show that for Si-Ge 
interdiffusion coefficient is proportional to 𝑛2/𝑛𝑖
2 for the 
conditions studied, which indicates that the interdiffusion 
in high Ge fraction range with n-type doping is dominated 
by 𝑉2−  defects. The Fermi-enhancement factor was 
shown to have a relatively weak dependence on the tem-
perature and the Ge fraction. The results are relevant to 
structure and thermal processing condition design of n-type 
doped Ge/Si and Ge/SiGe based devices such as Ge/Si lasers. 
 
Acknowledgements  
This work was funded by Natural Science and Engineer-
ing Research Council of Canada (NSERC) and Crosslight Soft-
ware Inc. The XRD measurements were performed in the 
Semiconductor Defect Spectroscopy Laboratory at Simon 
Fraser University. We are grateful for the help from Prof. Pa-
tricia Mooney on the XRD measurements. Dr. Stephen P. 
Smith at Evans Analytical Group is acknowledged for helpful 
discussions on SIMS measurements. Gary Riggott and Prof. 
Judy L. Hoyt from Microsystems Technology Laboratories, 
Massachusetts Institute of Technology are acknowledged 
for the epitaxy growth of the samples. Prof. Patricia Mooney 
from the Department of Physics at Simon Fraser University, 
Dr. Yiheng Lin and Guangnan Zhou from the Department of 
Materials Engineering, the University of British Columbia 
are acknowledged for the help in XRD measurements and 
helpful discussions. 
 
References: 
[1] J. Liu, X. Sun, R. Camacho-Aguilera, L. C. Kimerling, and J. 
Michel, “Ge-on-Si laser operating at room temperature,” 
Opt. Lett., vol. 35, no.5, pp. 679–681, Mar.2010. 
[2] R. E. Camacho-Aguilera, Y. Cai, N. Patel, J. T. Bessette, M. 
Romagnoli, L. C,Kimerling and J. Michel, : An electrically 
pumped Germanium laser, Optical Express vol.20, 
 
 
 
Figure 10 Dependences of FF on different factors. a) 
FF dependence on 𝒏/𝒏𝒊  at 750 °C and 𝒙𝑮𝒆 =
𝟎. 𝟖𝟓; (b) FF dependence on the temperature with 
P doping concentration of 1019 cm-3 and 𝒙𝑮𝒆 =
𝟎. 𝟖𝟓 ; (c) FF dependence on 𝒙𝑮𝒆  at 750 °C and 
𝒏/𝒏𝒊 = 𝟒. 
 
11 
 
pp.11272-11277, 2007. 
[3] R. Koerner, M. Oehme, M. Gollhofer, M. Schmid, K. Kos-
tecki, S. Bechler, D. Widmann, E. Kasper, J. Schulze, “Electri‐
cally pumped lasing from Ge Fabry-Perotresonators on Si”, 
Opt. Express, vol.23, no.11, pp.14815-14822, Jun 2015. 
[4] Tsung-Yang Liow, Kah-Wee Ang, Qing Fang, Jun-Feng 
Song, Yong-Zhong Xiong, Ming-Bin Yu, Guo-Qiang Lo, and 
Dim-Lee Kwong, “Silicon Modulators and Germanium Pho‐
todetectors on SOI: Monolithic Integration, Compatibility, 
and Performance Optimization”, IEEE J. of Sel. Top. in Quan. 
Elec., vol. 16, p. 307, 2010 
[5] L. Colace, G. M. A. Altieri, and G. Assanto, “Waveguide 
photodetectors for the near-infrared in polycrystalline ger-
manium on silicon,”   IEEE Photon. Technol. Lett., vol. 18, 
no. 9, pp. 1094–1096, May 2006. 
[6] L. Chen, P. Dong, and M. Lipson, “High performance ger‐
manium photodetectors integrated on submicron silicon 
waveguides by low temperature wafer bonding,” Opt. Exp., 
vol. 16, pp. 11513–11518, 2008. 
[7] Shuyu Bao, Youngmin Kim, Jan Petykiewicz, Jelena 
Vuckovic, Krishna C. Saraswat, Eugene Fitzgerald, Chuan 
Seng Tan and Donguk Nam, “Strained Ge Nanowires Cou‐
pled with High Quality Cavity Towards Integrated Infrared 
Chemical Sensors”, International SiGe Technology and De-
vice Meeting, June 2016. 
[8] J. Liu, X. Sun, D. Pan, X. Wang, L. C. Kimerling, T. L. Koch, 
and J. Michel, “Tensile-strained, n-type Ge as a gain medium 
for monolithic laser integration on Si,” Opt. Express, vol. 15, 
no. 18, pp.11272–11277, Aug.2007. 
[9] Y. Cai and R. Camacho-Aguilera, “High n-type doped ger-
manium for electrically pumped Ge laser,” in Advanced Pho‐
tonics Congress, OSA Technical Digest (online) (Optical Soci-
ety of America, 2012), paper IM3A.5. 
[10] R.E. Camacho-Aguilera, Y.Cai, J.T. Bessette, L. C. Kimer-
ling, and J. Michel, “High active carrier concentration in n-
type, thin film Ge using delta-doping,” Optical Materials Ex‐
press, vol.2, no.11, pp.1462-1469, Nov.2012. 
[11] M. E. Kurdi, T. Kociniewski, T.-P. Ngo, J. Boulmer, D. Dé-
barre, P. Boucaud, J. F. Damlencourt, O. Kermarrec, and D. 
Bensahel, “Enhanced photoluminescence of heavily n-
doped germanium,” Appl. Phys. Lett., vol. 94, no. 19, p. 
191107, May 2009. 
[12] X. Xu, K. Nishida, K. Sawano, T. Maruizumi, and Y. Shi-
raki, “Resonant photoluminescence from Ge microdisks on 
Ge-on-insulator,” in Silicon-Germanium Technology and De-
vice Meeting (ISTDM), 2014 7th International, 2014, pp. 
135–136. 
[13] J. Kim, S. W. Bedell, and D. K. Sadana, “Multiple implan‐
tation and multiple annealing of phosphorus doped germa-
nium to achieve n-type activation near the theoretical limit,” 
Appl. Phys. Lett., vol. 101, no. 11, p. 112107, Sep. 2012. 
[14] R. E. Camacho-Aguilera, “Ge-on-Si laser for silicon pho-
tonics,” Thesis, Massachusetts Institute of Technology, 2013. 
[15] M. Py, J. P. Barnes, P. Rivallin, A. Pakfar, T. Denneulin, D. 
Cooper, and J. M. Hartmann, “Characterization and model‐
ing of structural properties of SiGe/Si superlattices upon an-
nealing,” J. Appl. Phys., vol. 110, no. 4, p. 044510, Aug. 2011. 
[16] H. Takeuchi, P. Ranade, V. Subramanian, and T.-J. King, 
“Observation of dopant-mediated intermixing at Ge/Si In-
terface,” Appl. Phys. Lett., vol. 80, no. 20, pp. 3706–3708, 
May 2002. 
[17] P. Ranade, H. Takeuchi, V. Subramanian, and T.-J. King, 
“Observation of Boron and Arsenic Mediated Interdiffusion 
across Germanium/Silicon Interfaces,” Electrochem. Solid-
State Lett., vol. 5, no. 2, pp. G5–G7, Feb. 2002. 
[18] Feiyang Cai, Yuanwei Dong, Yew Heng Tan, Chuan Seng 
Tan and Guangrui (Maggie) Xia, “Enhanced Ge-Si Interdiffu-
sion in High Phosphorus-Doped Germanium on Silicon”, 
Semiconductor Science and Technology, vol. 30, 2015, p. 
105008. 
[19]   Semiconductors and Semimetals. Academic Press, 
1993. 
[20] T. Südkamp, H. Bracht, G.  Impellizzeri, J.  L.  Han-
sen, A.  N.  Larsen, and E.  E.  Haller, “Doping depend‐
ence of self-diffusion in germanium and the charge states 
of vacancies,” Appl. Phys. Lett., vol. 102, no. 24, p. 242103, 
Jun. 2013. 
[21] Y. Dong, Y. Lin, S. Li, S. McCoy, and G. Xia, “A unified 
interdiffusivity model and model verification  for  tensile  
and  relaxed  SiGe  interdiffusion  over  the  full  
germanium  content range,” J. Appl. Phys., vol. 111, no. 4, 
p. 044909, Feb. 2012. 
[22] J.  D.  Plummer, M.  Deal, and P.  D.  Griffin, Sili-
con VLSI Technology:  Fundamentals,  
Practice, and Modeling, 1 edition. Upper Saddle River, NJ: 
Prentice Hall, 2000. 
[23] Guangrui Xia, Michael Canonico, O. O. Olubuyide and 
Judy L. Hoyt, “Strain dependence of Si-Ge interdiffusion in 
epitaxial Si/Si1-yGey/Si heterostructures on relaxed Si1-
xGex substrates,” Applied Physics Letters, vol. 88, 2006, pp. 
013507-1 to 013507-3. 
[24] J.-J.  Huang, H.-C.  Kuo, and S.-C.  Shen, Nitride 
Semiconductor Light-Emitting Diodes (LEDs): Materials, 
Technologies and Applications. Woodhead Publishing, 2014. 
12 
 
[25] M. Gavelle, E. M. Bazizi, E. Scheid, P. F. Fazzini, F. Cris-
tiano, C. Armand, W. Lerch, S. Paul, Y. Campidelli, and A. 
Halimaoui, “Detailed investigation of Ge–Si interdiffusion in  
the full range of Si1−xGex(0≤x≤1) composition,” J. Appl. 
Phys., vol. 104, no. 11, p. 113524, Dec. 2008. 
[26] P. Castrillo, M. Jaraiz, R. Pinacho, and J. E. Rubio, “At‐
omistic modeling of defect diffusion and interdiffusion in 
SiGe heterostructures,” Thin Solid Films, vol. 518, no. 9, pp. 
2448–2453, Feb. 2010.  
[27] P. Castrillo, R. Pinacho, M. Jaraiz, and J. E. Rubio, “Phys‐
ical modeling and implementation scheme of native defect 
diffusion and interdiffusion in SiGe heterostructures for at-
omistic process simulation,” J. Appl. Phys., vol. 109, no. 10, 
p. 103502, May 2011. 
[28] K. Compaan and Y. Haven, “Correlation factors for dif‐
fusion in solids,” Trans. Faraday Soc., vol. 52, no. 0, pp. 786–
801, Jan. 1956.  
[29] Guangrui Xia, Michael Canonico, and Judy L. Hoyt, “Si-
Ge interdiffusion in epitaxial SiGe heterostructures and its 
impacts on technology,” Journal of Applied Physics, vol.101, 
2007, pp. 044901-1 to 044901-11. 
[30] Y.  Cai, R.  Camacho-Aguilera, J.  T.  Bessette, L.  
C.  Kimerling, and J.  Michel, “High phosphorous doped 
germanium: Dopant diffusion and modeling,” J. Appl. Phys., 
vol. 112, no. 3, p. 034509, Aug. 2012. 
[31] J. S.  Christensen,  “Dopant  diffusion  in  Si  
and  SiGe,”  Doctoral  dissertation,  KTH  Royal  
Institute of Technology, Stockholm, Sweden, 2004. 
 
 
 
 
 
 
